Ceils infected with seven different RNA + mutants of Sindbis virus were found to accumulate a virus-specified polypeptide of tool. wt. 144 ooo (p 144) during incubation at the non-permissive temperature, while at the same time synthesis of the virus structural proteins was drastically reduced. Mapping of the tryptic peptides of pi44 showed that it contained the amino acid sequences of all the virus structural proteins. At the non-permissive temperature cells infected with the same seven mutants (out of 28 examined) also showed increased synthesis of 26S RNA, the mRNA for the virus structural proteins, relative to 42S RNA, and the virus genome, compared with infections by wild-type virus. We propose that both these phenotypic effects are the results of a single mutational step and that the primary defect in the processing of the virus structural protein precursor induces the relatively increased rate of synthesis of structural protein mRNA. Temperatureshift experiments with mutant-infected cells showed that pi44 itself is not the agent of this effect. The failure of exposure to zinc ions to alter the RNA ratio in wild-type virus-infected cells suggested that the virus envelope proteins are not involved either, since their synthesis is preferentially inhibited under these circumstances. It is possible that it is the failure to synthesize the proper quantity of core protein in the mutant-infected cells which causes the shift of RNA synthesis in favour of structural protein mRNA.
INTRODUCTION
Two unique species of virus-specified single-stranded RNAs of positive polarity are synthesized in cells infected with standard alphaviruses. These are 42S RNA, which is indistinguishable from the virion RNA and is mainly destined for export in progeny virus particles, and the 26S RNA which represents the 3'-terminal one-third of the 42S RNA (Kennedy, I976; Wengler & Wengler, I976) and acts as mRNA for the structural proteins of the virion (Cancedda & Schlesinger, I974; Clegg & Kennedy, I974a, I975; Simmons & Strauss, I974; Wengler, Beato & Hackemack, I974) . Sindbis virus contains three species of structural protein; two envelope (EI and E2) glycoproteins and a core (C) protein (Schlesinger & Schlesinger, i972) . The closely related Semliki Forest virus contains a third species of glycoprotein (E3; Garoff, Simons & Renkonen, I974). The nucleotide sequence in 42S RNA which is not represented in 26S RNA is translated in infected cells to give components of the virus-specified RNA dependent-RNA polymerase (Lachmi et aL I975; Clegg, Brzeski & Kennedy, 1976; Brzeski & Kennedy, 1977) which catalyses the synthesis of 42S RNA of negative polarity and then, using this RNA as template, mediates synthesis of plus strand 42S and 26S RNAs. For the parental AR339 wild-type strain of Sindbis virus the ratio of the 42S: 26S RNA species formed in cells at 39 °C from I to 6 h post-infection is o'73 (Atkins, Samuels & Kennedy, 1974 )-For temperature-sensitive (ts) mutants of this strain of Sindbis virus, which make between IO and I2O % of the wild-type level of RNA at restrictive temperature (RNA + mutants), the 42S: 26S RNA ratios at restrictive temperature range from 0.25 to I.O5 with 2o of the 28 mutants examined giving a ratio outside the limits of the ratios observed with the wild-type (Atkins et al. 1974) . Changes in the 42S:26S RNA ratio for RNA + mutants of the HR strain of Sindbis virus (Yin & Lockhart, 1968) and Semliki Forest virus (Tan, Sambrook & Bellett, 1969; Ker~inen & K/iiiri~iinen, I974) , have also been reported. Since the lesion in RNA + mutants is likely to be expressed at the level of structural protein synthesis, we thought it possible that an analysis of the polypeptide and RNA phenotypes of RNA + mutants might cast light on the mechanism which determines the ratio of 42S to 26S RNA during virus multiplication.
In the present paper we report that cells infected with seven of the Sindbis AR339 RNA + mutants incubated at restrictive temperature accumulate a polypeptide of mol. wt. 144000 (pi44) which is shown by tryptic peptide mapping to contain the amino acid sequences of all the virus structural proteins. At the restrictive temperature all of these seven mutants produce a much greater proportion of 26S RNA relative to 42S RNA than the wild-type. Pulse-chase experiments, and the use of zinc ions to preferentially inhibit formation of virus envelope proteins show that neither pi44 nor the'envelope proteins participate in the effect of RNA synthesis, and thus suggest that it is the core protein which regulates the synthesis of 26S RNA. The significance and possible mechanism of this regulation are discussed.
METHODS

Materials.
Actinomycin D was a generous gift from Merck, Sharpe and Dohme Research Laboratories, Rahway, N.J., U.S.A. N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) was obtained from Flow Laboratories Ltd, Irvine, Scotland. 35S-L-methionine (320 Ci/mmol), 32P-orthophosphate (88 to IOO Ci/mg phosphorus) and 5-~H-uridine (26 Ci/mmol) were obtained from the Radiochemical Centre, Amersham, England. Sodium dodecyl sulphate (especially pure grade) was purchased from British Drug Houses Ltd, Poole, Dorset. All other chemicals were the best grade obtainable commercially.
Cells and virus. Primary chick cells and BHK 21 clone 13 cells were grown as described by Morser, Kennedy & Burke (1973) . Primary stocks of Sindbis virus strain AR339 and its ts mutants were grown in chick cells from virus extracted from a single plaque as previously described (Atkins et al. 1974) . These stocks had titres in the range of 2 × lO T to 5 × lOS p.f.u./ml. To grow large volumes of virus stocks of high titre, 2.5-1 roller bottles of BHK cells (approx. 2 × lO s cells/bottle) were infected with o.I p.f.u, of primary stock virus/cell in 5o ml of maintenance medium (Morser et al. 1973 ) containing 20 mM-HEPES (pH 7.2). After 24 h at the appropriate temperature (37 °C for wild-type virus, 3o °C for ts mutants) the fluids were harvested and stored at -70 °C in small volumes. Virus stocks prepared in this way had titres in the range 2 × lO 8 to 5 × lO9 p.f.u./ml.
Labelling of virus-specified proteins and BNA. Monolayer cultures of chick or BHK cells prepared in I-1 screw-capped glass bottles or in scintillation vials were infected, incubated and pulsed with 35S-methionine or ~P-orthophosphate (I mCi/bottle culture) as described before (Atkins et al. 1974; Clegg et al. 1976 ) . Labelling times (relative to the end of the adsorption period) are specified in individual experiments. To maintain strict temperature control, culture vessels were placed in circulating water baths set to either 30 °C _+ o'o5 °C (the permissive temperature) or 39-+ o'o5 °C (the restrictive temperature) from the end of the adsorption period.
Polyacrylamide gel eleetrophoresis. Labelled polypeptides were extracted, reduced and alkylated as described before (Clegg et al. I976) . Polypeptides were analysed on I7. 5 cm slab gels using the gel and buffer systems of Laemmli (I97O), and Fairbanks, Steck & Wallach (I97i) . In general, gels containing 7"5 % (w/v) acrylamide plus o.2 % methylenebisacrylamide were used. Mol. wt. markers [myosin heavy chain (2ooooo), fl-galactosidase 03oooo), human transferrin (8oooo), bovine serum albumin (68ooo), catalase (58ooo) and ovalbumin (43 ooo)] were located by staining with Coomassie blue.
Virus-specified RNA was extracted from infected cells using the SDS/naphthalene-I,5-disulphonate/phenol/chloroform technique of Clegg & Kennedy 0974b) and precipitated with ethanol at 4 °C overnight. The RNA was recovered by centrifugation, dried in a stream of N2, dissolved in 5 mM-tris (pH 7"5)+ IO mM-NaCl+o.I mM-EDTA+o.z% SDS and anaIysed on I7"5 cm slab gels of I'7% (w/v) acrylamide+ o'o85 % methylenebisacrylamide +o.5% agarose (Levin & Friedman, I97I) as described by Clegg & Kennedy 0974b) . To ensure equal loadings in comparative studies, cultures were pre-labelled for I6 h with 2 #Ci 3H-uridine before infection and equal tritium counts applied to each slot of the slab gel.
After electrophoresis, gels were dried at 9 o °C and autoradiographed on Kodirex X-ray film. Radioactivity in 42S and a6S RNAs was measured by cutting out the appropriate bands of gel and counting by scintillation spectrometry (Kennedy & Burke, I972) .
Tryptic peptide mapping. Dry strips of polyacrylamide gel containing 3aS-methioninelabelled polypeptides for mapping were rehydrated, treated with trypsin and the eluted peptides were performic acid oxidized and fingerprinted by two-dimensional chromatography on thin-layers of silica gel as described by Clegg et al. (I976) . Radioactive peptides were located by autoradiography.
RESULTS
Po[ypeptides synthesized by RNA + mutants at permissive and restrictive temperature
The polypeptides synthesized at 3o and 39 °C by 28 RNA + ts mutants were examined by polyacrylamide gel electrophoresis. These mutants were the same series whose 42S:26S RNA ratios at 39 °C were reported by Atkins et al. (I974) . Cells infected with most of the mutants synthesized polypeptides indistinguishable from those found in wild-type infected cells, but in seven cases examined, a new protein, PI44, (mol. wt. 144oo0, estimated as described by Clegg et al. I976) was synthesized in large amounts at the restrictive temperature. Fig. I shows the polypeptide profiles of these seven mutants at 30 °C (upper panel) and 39 °C (lower panel). At both temperatures the mutants synthesized nsp 89 and nsp 6o, which are non-structural virus-specified polypeptides and possibly components of the RNAdependent RNA polymerase (Clegg eta] . I976; Clewley & Kennedy, I976; Brzeski & Kennedy, I977) . At 39 °C all of the mutants synthesized PI44. Moreover, with the exception of trace amounts of core protein (C), all of the mutants failed to synthesize detectable amounts of the structural polypeptides or their precursors (C, EI, E2, pE2 and pI2o) at restrictive temperature. (In this, as in subsequent polypeptide profiles, two forms of pi2o are often observed. These two forms have identical tryptic peptide maps; H. Brzeski, unpublished data.) By contrast, all seven mutants, when incubated at 3o °C, synthesized substantial amounts of the structural polypeptides and their precursors. However, even at 3o °C Six h post-infection all cultures were labelled with 35S-methionine for 6o min and the proteins extracted and approximately equal amounts (zo to 3o #g) analysed on two 7'5 % (w/v) polyacrylamide slab gels as described in Methods. Autoradiography was for 42 h. Fig. 2 . Tryptic peptide maps of PI44 virus particle structural proteins. Chick cells infected with F36 or wild-type virus were incubated at 39 °C and labelled from 4 to 6 h post-infection with 25o #Ci asS-methionine/culture. The proteins were then extracted and p I44, E I + E 2 and C purified by gel electrophoresis as described in Methods. These proteins were then digested with trypsin, performic acid oxidized and fingerprinted by two-dimensional thin-layer chromatography (Clegg et al. I976) . The first dimension is from left to right, the second from bottom to top. Approx. I ct/min/ dalton of each polypeptide was fingerprinted. Autoradiography was for 5 days. most of the mutants synthesized some Pr44. Since F36 (lane C) synthesized just detectable amounts of PI44 at 3o ° C but substantial amounts at 39 °C, this mutant was used in further experiments.
Peptide mapping of pI44
The zSS-methionine-labelled tryptic peptides of pi44 made at 39 °C in chick cells infected with F36 were compared to those of the virus particle core and a mixture of E1 and E2 (Fig. 2) . Essentially, all the peptides found in the map of pi44 were also found in the maps of the isolated core polypeptide plus the envelope polypeptide mixture. The assignments of some of the better resolved peptides are indicated on the figure. It is likely, therefore, that PI44 is an uncleaved complex of core and envelope polypeptides similar to those described by Schlesinger & Schlesinger (I973) and Ker/inen & K/i/iri/iinen 0975)-Taken in conjunction with the polypeptide profiles of the seven mutants shown in Fig. I , it seems likely that the lesion in these seven mutants results in the synthesis of an uncleaved structural protein complex at the restrictive temperature. ratios at 39 °C for the 28 RNA + mutants. The seven mutants which synthesized substantial amounts of PI44 are those which have been cross-hatched. In addition, mutants H5I and Eio 4 accumulated just detectable amounts of PI44 at 39 °C (data not shown). All of these mutants are clustered at one end of the distribution, i.e., they all make a greater proportion of 26S RNA at 39 °C than the wild-type or most of the other RNA + mutants. The association of these polypeptide and RNA phenotypes in these seven mutants suggested some mechanism whereby either synthesis of PI44 or failure to synthesize structural polypeptides resulted in augmented synthesis of 26S RNA. To distinguish between these two possibilities, the RNA ratios and polypeptide profiles for F36 and the wild-type virus were examined before and after temperature shifts. Fig. 4 . Polypeptides synthesized by wild-type virus and mutant F 36 before and after temperature shift. Two cultures of chick cells were mock-infected and two pairs of three cultures were infected with wild-type virus and mutant F 36 respectively. In all cases the m.o.i, was IO p.f.u./cell. After adsorption for I h at 4 °C the cultures were incubated at 39 °C until 5 h post-infection. At this time one mock-infected culture (lane a), two wild-type-infected cultures (lanes d and e) and two F 36-infected cultures (lanes g and h) were labelled with ~sS-methionine for I h at 39 °C and then one of the two wild-type-infected cultures (lane e) and F 36-infected cultures (lane h) were incubated in medium containing unlabelled methionine for I h at 30 °C. In addition, at 5 h post-infection, the second mock-infected culture (lane b) and the third wild-type-infected culture (lane c) and F 36-infected culture (lane f) were shifted to 30 °C and immediately labelled with 35S-methionine for I h at this temperature. After the pulse or pulse-chase the polypeptides were extracted and approximately equal quantities (4o to 45 #g) analysed on a 7"5 % (w/v) polyacrylamide slab gel. Autoradiography was for 62 h. Polypeptide and RNA phenotypes of wild-type virus and mutant F36 before and after temperature shift is made in extremely small amounts after shift down. In addition, pi44 made at 39 °C in cells infected with F36 (lane g) cannot be processed when the temperature is lowered to 3o °C (lane h). This is in contrast to p12o (which contains the amino acid sequences of EI +pE2) which, after synthesis at 39 °C (lane d), disappears on incubation at 30 °C (lane e), possibly by processing through pE2 to give the virus particle envelope polypeptides. Processing of pi2o also occurs at 39 °C (data not shown).
The observation that pi44 cannot be processed at 30 °C and that at this temperature normal virus-specified polypeptide synthesis occurs allowed us to examine the possibility that the presence of pI44 per se is responsible for the altered 42S:26S RNA ratio. Accordingly, cultures infected with either wild-type virus or F36 were incubated at 39 °C for 5 h. Then half of each type was labelled with 32P-orthophosphate for I h at 39 °C and the remaining half shifted to 30 °C and then labelled at this temperature for I h. As Table I shows, the 42S: 26S RNA ratios of F36 and wild-type virus at 30 °C are essentially identical, indicating that it is not the presence of PI44 that alters the RNA ratio at 39 °C, but rather that failure to synthesize one or more of the structural polypeptides or their precursors must account for augmented 26S RNA synthesis.
Polypeptide and RNA phenotypes in wild-type infected cells treated with zinc ions
The addition of zinc ions to cells infected with picornaviruses (Butterworth & Korant, 1974) or alphaviruses (Bracha & Schlesinger, i976; Clegg et al. 1976 ) causes inhibition of polypeptide processing. In the synthesis of alphavirus structural polypeptides inhibition is manifested by an accumulation of pi2o. To further investigate the relationship between structural protein synthesis and the 42S: 26S RNA ratio we treated cells infected with wildtype virus with various concentrations of ZnSO 4 from o.ooI to I-O mi and determined the polypeptide and RNA phenotypes. At low concentrations of inhibitor (o.ooi to o'o5 mi) there was no effect on the polypeptide phenotype. However, concentrations from o'05 to o.2 mM caused an increased accumulation of pI2o. Typical polypeptide profiles are shown in Fig. 5 . Two points emerged from this experiment. Firstly, in zinc treated cells, pI2o accumulated at the expense of El, E2 and pE2. Secondly, synthesis of core polypeptide was not detectably altered by zinc. Thus, at intermediate zinc ion concentrations, nascent cleavage (Clegg, I975) of the core polypeptide from the translation product of the 26S RNA occurs normally. This observation is in keeping with the finding that, in vitro, the cleavage of the core polypeptide is unaffected by several other inhibitors of polypeptide processing (Clegg & Kennedy, 1975) . Because of this specific inhibitory effect of zinc on the synthesis of the envelope potypeptides, it was of interest to examine the effect of zinc ions on the ratio of 42S: 26S RNA. Table 2 shows that using a zinc concentration which reduced the accumulation ofpE2, EI and E2 by about 5o% (see Fig. 5 ), there was no discernible alteration in the ratio of 42S: 26S RNA. Indeed, at all concentrations from o'o5 to o.2 mM tested, no change * The RNA phenotypes were determined exactly as described in the legend to Fig. 5 , except that labelling was carried out using a~P-orthophosphate and the radioactivity in 42S and 26S RNA determined as described in Methods. was observed either in the level of virus-specific RNA synthesis or in the RNA ratio. Concentrations of zinc ions above o'25 mM caused a general reduction in protein synthesis and were not used in RNA phenotype experiments. Taking these observations together it would appear that neither inhibition of synthesis of EI, E2 and pE2 nor the accumulation of pI2o are responsible for the alteration of the RNA ratio observed with the F36 class of mutants.
By elimination, these results suggest that it is failure to synthesize the core polypeptide that leads to augmented 26S RNA synthesis. In other words, the core polypeptide may act in a manner directly analogous to a feedback inhibitor; as the level of core polypeptide synthesis is decreased so the synthesis of 26S RNA increases.
DISCUSSION
In the present paper we have shown that seven of the 28 RNA + ts mutants isolated by Atkins et al. (I974) accumulate, at restrictive temperature, a poIypeptide (Pr44) which is not seen in infections with wild-type virus. Tryptic peptide mapping showed that pI44 contains the entire amino acid sequences of the virus particle structural proteins, and is thus analogous with polypeptides of similar molecular weight found in some mutants of the HR strain of Sindbis virus (Strauss, Burge & Darnell, I969; Scheele & Pfefferkorn, 197o; Schlesinger & Schlesinger, I973) . Since accumulation of PI44 at restrictive temperature is paralleled by a failure to form any of the structural proteins, inability to cleave pI44 is likely to be the primary phenotypic expression of the lesion in these seven mutants.
The appearance of pi44 is associated with another phenotypic response, a change in the ratio of the virus-specified single-stranded RNAs synthesized in infected cells. Data on the ratio of the RNA species synthesized in cells infected with the comparable mutants (ts 2, ts 5 and ts 13) of the HR strain of Sindbis virus are conflicting. Although Yin & Lockart (I968) found a striking shift in favour of 26S RNA in ts z-infected cells at restrictive temperature, Burge & Pfefferkorn (I968) reported that this mutant, and ts 5 (a member of the same complementation group) had RNA ratios almost identical to the wild-type. The mutant ts I3, also in the same complementation group did however show a shift in favour of 26S RNA synthesis (Burge & Pfefferkorn, I968) . The striking correlation in the case of the relatively large number of AR339 mutants between accumulation of pI44 and a shift in favour of 26S RNA synthesis is unlikely to be purely fortuitous. The large number of mutants showing the characteristic changes in both polypeptide and RNA phenotypes, and the failure to isolate any mutants showing the change in polypeptide phenotype alone, make it highly unlikely that two separate mutations are involved. Assuming, therefore, some causal relationship between failure to synthesize the structural proteins (or accumulate PI44) and an increased proportion of 26S RNA, we used temperature shift conditions and Zn ion inhibition in an attempt to pinpoint the exact nature of the relationship between structural protein and RNA synthesis. These experiments indicated that it was not synthesis of PI44 per se that caused a shift in favour of 26S RNA synthesis, but rather that this phenotypic change was brought about by failure to synthesize core protein. This finding is of particular interest since it is well established that newly synthesized core protein molecules and 42S RNA rapidly associate to form intracellular nucleocapsids (S6derlund, I973). Indeed neither' free' core protein nor' free' 42S RNA are detectable in infected ceils. These observations, therefore, suggest that there exists some mechanism which controls the synthesis of either 42S RNA or core protein to ensure that they are formed in stoichiometric quantities. One such mechanism, suggested by the observations reported in this paper, is that core protein molecules can exert an effect on the synthesis of their messenger (26S RNA) in a fashion analogous to feedback inhibition. Thus, under conditions restrictive for the synthesis of core protein but which permit unimpaired 42S RNA synthesis, there is a shift in the synthesis of virus-specified RNA in favour of 26S RNA; an alteration tending to redress the imbalance by synthesis of more core protein messenger.
Although the mechanism whereby this shift is brought about is as yet unclear we would like to propose that an interaction can occur between newly synthesized core protein molecules and the virus-specified polymerase to alter the 42S: 16S RNA ratio. Somewhat analogous proposals have been made by Cooper, Steiner-Pryor & Wright 0973) for the regulation of RNA synthesis in poliovirus-infected cells. These proposals are based in part on the properties of certain temperature-sensitive mutations and mutations to guanidine resistance in poliovirus which, while mapping on the structural protein region of the genome, caused phenotypically altered virus RNA synthesis in infected cells.
Recently we have shown that three non-structural polypeptides are synthesized in Sindbis virus-infected cells and that these are likely components of the virus-specified polymerase (Brzeski & Kennedy, I977) . We have also identified one of these three non-structural polypeptides as the component of the polymerase responsible for 26S RNA synthesis (Brzeski & Kennedy, unpublished data) . Allosteric inhibition of this polymerase by the core protein would explain the observations reported in this paper. Experiments are in progress to investigate this model. We thank Mrs Christine Lancashire for her excellent technical assistance. This work was supported by grants from the Medical Research Council and the Cancer Research Campaign.
